We demonstrate the evolution of the Bragg gratings inscribed in Panda fibers with chemical etching. The resonance wavelengths can blueshift with cladding reduction similar to the conventional counterparts. But the wavelength separation between the two polarizations is codetermined by the stress and the asymmetric shape effects. The fast and slow axes of the fiber can be reversed with each other and zero birefringence can be achieved by chemical etching the structure. When the stress-applying parts of the fiber are removed, the finalizing grating can be exploited for the temperature-independent refractive index sensing, since the modes corresponding to the two polarizations exhibit the dissimilar responses to the external refractive index change but the same response to temperature. Our device is featured with easy achievement, spectral controllability, and relative robustness. 
Introduction
Birefringent fiber Bragg gratings (FBGs) have been realized by introducing periodic index perturbations along birefringent optical fibers (such as Panda, Bow-Tie, or asymmetric-shape fibers) [1] [2] [3] [4] [5] [6] [7] [8] or asymmetric index distributions along the cross sections of the standard optical fibers via the laser side-irradiation technique [9, 10] . Different from the conventional counterparts [11] , birefringent FBGs can exhibit potential applications in polarization filtering [1] [2] [3] [4] , polarization multiplexing, and measuring of various physical quantities such as transverse force, strain, or refractive index [5] [6] [7] [8] .
In particular, FBG structures have attracted considerable research attention in detection of refractive index (RI) for the chemical and biological applications, due to their advantages such as high measurement accuracy, multiplexing capability, and etc. However the modes are mainly confined in the fiber core but screened from the ambient medium. To improve the responsivity to external RI influence, one can enhance the evanescent field interaction of the fiber by heating-and-tapering [12] , side-polishing [13] , or chemical etching [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] the structure. Comparatively, chemical etching is appealing for producing relatively robust and stable fiber devices with reduced size in a convenient way, without relying on precision machines. A lot of works have been done to achieve highly RI sensitive FBGs with the chemical etching technique. For examples, Dong et al realized a chirped FBG using the influence of external RI on the etched fiber [14] . Chryssis et al. measured a high RI sensitivity with the etched FBG [15] . Shivananju et al. studied the limit of detection of the etched FBG sensor based on nominal measurement noise levels [16] . Tsigaridas et al obtained analytic functions of RI sensitivity in cladding-thinned fibers [17] . Chen et al studied the backward cladding-mode resonances in etched FBGs [18] . Liang et al. fabricated RI sensitivity enhanced grating structures [19] and Huang et al. obtained a phase-shift grating with the chemical etching [20] . Etched FBG sensors have been explored in the detection of external RIs [14] [15] [16] [17] [18] [19] [20] , magnetic fields [21] , bio-chemical agents [22] , DNAs [23] , and etc. However, those previous works are mainly focused on studying of conventional FBG counterparts with no special stress. In this paper, we demonstrate the evolution of FBGs inscribed in Panda fibers by chemical etching the structure. It is found that the fast and slow axes can be reversed and zero birefringence can be achieved, suggesting a precision control of fiber birefringence for polarization maintaining, polarization interference, and etc. in the optical communication and sensing areas. Our finalized structure can be exploited for the temperature-independent RI sensing, since the modes corresponding to the two polarizations exhibit the dissimilar responses to the external RI change but the identical response to temperature. Figure 1 illustrates the experimental setup for chemical etching FBGs inscribed in Panda fibers. As shown in the figure, fibers A and B are polarization maintaining but the fiber C can be not, as demonstrated later. In our experiment, the FBG is first fabricated and subsequently placed into an aqueous solution of HF for the cladding etching [14] . As shown in Fig. 1 , after a beam of light from a broad-band source (BBS) is injected into the etched FBG, the light power is split into the two beams corresponding to the orthogonal polarizations at a polarization beam splitter (PBS) and subsequently, they are received separately in an optical spectrum analyzer (OSA). The polarization controller (PC) is used to modify the polarization states of light. In our experiment, we have adopted the Panda fiber (manufactured by the Yangtze Company, China) that contains a germanium-doped core with a diameter of 6.0μm and two boron-doped stress-applying parts (SAPs) with the diameter of ~33μm, respectively, as indicated by the insets shown in Fig. 1 . Owing to the higher thermal-expansion coefficient of the SAPs compared with the cladding material, an obvious birefringence with the order of 10 −4 can be achieved after the fiber's fabrication [24] . We fabricate a Bragg grating along the core with the assistance of the conventional 193-nm excimer laser scanning and phase mask inscription technique [6] . The laser output energy is ~3mJ/pulse, the repetition rate is ~200Hz, and the grating period is set as 534.42nm, respectively. For a general birefringent FBG, two resonance wavelengths corresponding to the different polarizations are generated [1, 11] . The grating resonance aspects are mainly governed by the phase-matching condition [11] , i.e., 2n eff
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, where Λ is the grating period, λ res i is the resonance wavelength, n eff i = β i λ i /(2π) is the effective index, β i is the mode propagation constant, and i = x or y stands for the x or y polarization, respectively. By taking a small variation of the effective index from the above condition, after some mathematic treatments, the wavelength separation Δλ between the differential polarizations can be expressed as 
where B = n eff x − n eff y is the modal birefringence, λ g = (λ res x + λ res y )/2 is the average wavelength between the two polarizations, Γ = n g −λ⋅∂n g /∂λ is the group factor of n g , and n g = (n eff x + n eff y )/2 is the average mode index between the polarizations, respectively. From Eq. (1), it is clear that the magnitude of Δλ is intimately dependent on birefringence B. The higher B value normally generates the larger separation Δλ. The mode along the fast axis has a shorter resonance wavelength than that along the slow axis.
The fiber structure can be etched within an HF acid via the chemical reaction between the HF and the fiber material [25] . For the stress-applied Panda fiber, the SAPs correspond to a much faster etching speed due to the lower binding energy compared with the silica cladding, leading to the formation of asymmetric fiber shapes as shown in Fig. 1 . The etched structure is characterized with parameters a and b, which are defined as the fiber scales along the x and the y directions, respectively. For the fiber with cladding partly etched and SAPs unetched, as shown in fiber A in Fig. 1 , the birefringence is principally due to the existence of inner stress as previously demonstrated. But as SAPs are gradually etched, as shown in fibers B and C in Fig. 1 , the circular structural symmetry of the fiber is broken and the birefringence may be generated due to the asymmetric geometric shape. It is necessary to measure how the grating spectra evolve with the cladding etching. Fig. 2(b) details the resonance wavelengths and the separation Δλ between the resonance wavelengths corresponding to the two polarizations with respect to the fiber sizes. The used HF concentration is ~15%. It is shown that the grating resonance wavelengths can normally blueshift with the cladding reduction mainly due to the decrease of mode effective index, similar to the behavior of conventional counterparts [14] . The mode along the y polarization has a faster wavelength shift compared with that along the x polarization, since the SAPs are mainly distributed in the y direction from Fig. 1 . The small fluctuation in the depths of resonant dips may be attributed to the variation of the coupling strength between resonant modes [11] . As shown in Fig. 2(b) , the regions corresponding to the configurations A, B, and C shown in Fig. 1 are marked and both the sizes a and b in different regions are indicated.
Within region A, where the birefringence is mainly induced by inner stress, the absolute value of Δλ decreases gradually with the cladding reduction with an average rate of around 0.008nm/μm, due to the decrease of the stress in the core. The measured maximal birefringence is |B| = 5.67 × 10 −4 , which occurs at a = b = 125μm. Within region B, the fiber size along the y direction has a much faster decreasing speed with chemical etching compared to that along the x direction. As the SAPs are partially etched away, the initial increase in resonance wavelengths may be due to the change of stress in the fiber core or the generation of heat caused by chemical reaction of HF with the fiber material [25] . We can show that the fast axis with relation to the stress is along the y direction, but that with relation to the asymmetric shape is along the x direction, respectively. With the thinning of the cladding, the stress decreases but the structural asymmetry increase gradually. As a result, the value of |Δλ| may tend to zero at a certain etched size. From Fig. 2(b) , zero birefringence occurs around a ~84.2µm and b~30.2µm. Within region C, where the SAPs are completely removed, the stress-induced birefringence ceases but the asymmetric shape-induced birefringence gets larger continuously with etching. As shown in Fig. 2(b) , the resonance wavelengths blueshift dramatically due to the lowering of mode effective index. The wavelength separation Δλ between the two polarizations becomes wider with an average rate of around −0.064nm/μm, due to the increase of fiber asymmetry. The birefringence direction has been rotated by 90 degrees compared with that in region A. From Fig. 2(b) , the estimated maximal birefringence is around B = 5.56 × 10 −4 at a~74.5μm and b~7.5μm, which is comparable to the maximal stress-applied one in region A. Further study shows that too thin structure size may increase the radiation loss of light and make the transmission spectra become chirped.
Temperature-independent refractive index sensing
After the SAPs are completely removed, a large fraction of mode energy may extend outside of the fiber and interacts with the liquid localized in the vicinity of fiber core, leading to improvement of RI sensitivity [14] [15] [16] [17] [18] [19] [20] . Note that for a general FBG, the resonance wavelengths should be changed by temperature, which inevitably induces a large influence to RI measurement. Conventionally, such a problem is solved by introducing another waveguide that is only sensitive to temperature to compensate the temperature influence, which, nevertheless, complicates the system. For our present device, the temperature cross-sensitivity may be eliminated by monitoring the spectral separation between the two polarizations. In the following experiment, the sensing characteristics are investigated using an etched FBG with parameters of a ~74.0μm and b~7.0μm. The microscope image for the fiber cross section has been provided as shown in the inset of Fig. 1 . The RI responsivity is measured by immersing our device into an aqueous solution of sucrose at the room temperature (25°C). The solution's RI is modified continuously from 1.333 to 1.443 by tuning the sucrose concentration. Fig. 3(b) plots the wavelength shifts as functions of the external RI for the x and y polarizations, respectively. The increase of RI induces the blueshift of resonance wavelengths thanks to the improvement of mode effective index as similarity to the behavior in conventional counterparts [13] . From Fig. 3(a) , while the change of external RI has a small influence to the spectral shape, the power level decreases with an increase of RI due to the increasing of mode power loss. The spectral dependencies on RI for the two polarizations are obviously different. From Figs. 3(a) and (b) , the y polarization corresponds to a higher RI sensitivity since the mode has a larger fraction of energy outside of the fiber, compared with that of the x polarization. Inset of Fig. 3(b) gives the separation between the resonance wavelengths corresponding to the two polarizations versus RI. Investigation shows that the Δλ value decreases almost linearly with an increase in RI, due to the decreasing of birefringence. By performing a linear fitting to the experimental data, we obtain an expression with a coefficient of determination of R 2 = 98.5%: Δλ = −1.492⋅RI + 2.202. Thus the RI sensitivity is given by −1.492nm/RI-unit, that corresponds to a measurement precision of ~4 × 10 −3 RI-unit considering a resolution of 0.06nm for our OSA.
The temperature coefficient is characterized by placing our etched FBG into a tube oven. A thermocouple is placed close to the grating to calibrate the temperature. Figure 4 (a) displays transmission spectra at different temperatures and Fig. 4(b) gives the wavelength shifts as functions of temperature for the x and y polarizations, respectively. The temperature dependencies for the two resonance wavelengths are measured to be ~10.7pm/°C, which is analogous to the FBG in the conventional single-mode fiber. The difference of dependencies between the two polarizations is smaller than ~0.1%. Since most mode energy resides in the fiber, the thermo-optic effect dominates the temperature coefficient and thus the resonance wavelengths exhibit the similar response. Inset of Fig. 4(b) presents the separation between the resonance wavelengths corresponding to the two polarizations versus temperature. Analysis shows that the dependency of Δλ on temperature is smaller than 0.012pm/°C. Within the temperature region of Fig. 4(b) , the wavelength fluctuation due to the temperature crosssensitivity is much smaller than the resolution of 0.06nm for our OSA. Compared to the latest techniques, such as photonic crystal fiber [25] or multimode interference [26] techniques, our achieved temperature coefficient has been improved by two or more orders of magnitude. Note that the index of liquid may also be influenced by temperature in practice. However, to study how many part of the index change for the liquid is due to the temperature variation is out of the scope of this article. Our present structure has the advantages of easy achievement, spectral controllability, and robustness in contrast to the counterparts reported in the literature such as [7, 8] . 
Conclusion
We demonstrate the evolution of the FBGs inscribed in Panda fibers with chemical etching. The resonance wavelengths can normally blueshift due to the cladding reduction similar to the behavior of conventional counterparts. But the wavelength separation between the two polarizations may decrease or increase, which is dependent on the stress and the asymmetric shape effects in the fiber. It is found that both the fast and slow axes can be reversed with each other and zero birefringence can be achieved by chemical etching the structure, suggesting a precision control of fiber birefringence for polarization maintaining, polarization interference, and etc. in the optical communication and sensing fields. The maximum asymmetric shape-induced birefringence up to B = 5.56 × 10 −4 is obtained. After the two SAPs are etched away, our finalizing grating can be used as a temperature-independent refractive index sensor, because the modes corresponding to the two polarizations exhibit the dissimilar responses to the external RI change but the same response to temperature. This device is featured with easy achievement, spectral controllability, and relative robustness.
